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A b s t r a c t  
C a l c u l a t e d  r e s u l t s  f o r  t h e  f l o w f i e l d  s t r u c t u r e  and s u r f a c e  q u a n t i t i e s  
are p r e s e n t e d  f o r  an axisymmetric r e p r e s e n t a t i o n  of an a e r o a s s i s t  f l i g h t  
experiment  v e h i c l e .  The d i r e c t  s i m u l a t i o n  Monte Car lo  (DSNC) method is  used 
t o  perform t h e  c a l c u l a t i o n s ,  s i n c e  t h e  flcow i s  h i g h l y  nonequ i l ib r ium about 
t h e  v e h i c l e  d u r i n g  both t h e  compression and expansion phases.  The body 
c o n f i g u r a t i o n  i s  an e l l i p t i c a l l y  b lun t  nose fol lowed by a s k i r t  with a 
c i r c u l a r  r a d i u s  and an a f t e rbody .  F rees t r eam c o n d i t i o n s  correspond t o  a 
s i n g l e  p o i n t  a long  t h e  e n t r y  t r a j e c t o r y  a t  an a l t i t u d e  of 90 km and a 
v e l o c i t y  of 9.9 km/s. 
t r a n s l a t i o n a l  and i n t e r n a l  modes, d i s s o c i a t i o n ,  i o n i z a t i o n ,  and the rma l  
r a d i a t i o n .  The degree  of d i s s o c i a t i o n  i s  l a r g e ,  but  t h e  maximum i o n i z a t i o n  
is  on ly  about  2 pe rcen t  by mole f r a c t i o n .  The b l u n t  forebody f low e x p e r i -  
ences  a h igh  degree  of thermal nonequ i l ib r ium i n  which t h e  t r a n s l a t i o n a l  
t empera tu re  is g e n e r a l l y  g r e a t e r  t han  t h e  i n t e r n a l  t empera tu re .  However, as 
t h e  f low expands about t h e  ae robrake  s k i r t  and a f t e r b o d y ,  t h e  i n t e r n a l  
t empera tu re  is  g e n e r a l l y  g r e a t e r  than the  t r a n s l a t i o n a l  t empera tu re .  
Fu r the rmore ,  t h e  c a l c u l a t e d  r e s u l t s  c l e a r l y  show mass s e p a r a t i o n  e f f e c t s  i n  
,- 
The c a l c u l a t i o n s  account  fo r  nonequ i l ib r ium i n  the 
t h e  wake wi th  a p r e f e r e n t i a l  i n c r e a s e  i n  the  c o n c e n t r a t i o n  of t h e  l i g h t  
( a t o m i c )  s p e c i e s  r e l a t i v e  t o  t h e i r  va lues  a t  t h e  c o r n e r  expansion on t h e  
a e r o b r a k e  s k i r t .  Forebody h e a t i n g  is dominated by t h e  c o n v e c t i v e  
component, however, t h e  s t a g n a t i o n  p o i n t  r a d i a t i v e  h e a t i n g  under t h e  
assumption of no a b s o r p t i o n  is about 12 p e r c e n t  of t h e  convec t ive  value.  
Af t e rbody  h e a t i n g  i s  v e r y  small compared with forebody va lues .  
Nomenclature 
a major a x i s  of e l l i p s o i d a l  nose 
b minor a x i s  of e l l i p s o i d a l  nose 
p s u r f a c e  p r e s s u r e  
q c  s u r f a c e  convec t ive  h e a t  f l u x  
q r  s u r f a c e  r a d i a t i v e  hea t  f l u x  
Q r a d i a t i v e  emis s ion  
Rc c o r n e r  ( s k i r t )  r a d i u s  of c u r v a t u r e  
RN s t a g n a t i o n  r a d i u s  of c u r v a t u r e  
s c o o r d i n a t e  a long  body s u r f a c e  
U, freestream v e l o c i t y  
u v e l o c i t y  component t a n g e n t  t o  body s u r f a c e  
v v e l o c i t y  component normal t o  body s u r f a c e  
X i  mole f r a c t i o n  of species i 
x c o o r d i n a t e  measured a long  body c e n t e r l i n e  
y c o o r d i n a t e  measured normal t o  body c e n t e r l i n e  
rl c o o r d i n a t e  normal t o  body s u r f a c e  
X wavelength 
p d e n s i t y  
T s h e a r  s t ress  
Subsc r iDt s  
i i t h  s p e c i e s  
w wal l  va lue  
m f r e e s t r e a m  v a l u e  
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I n t r o d u c t i o n  
The p o t e n t i a l  economic b e n e f i t  of a r e u s a b l e  a e r o a s s i s t e d  o r b i t a l  
t r a n s f e r  v e h i c l e  (AOTV) over  i t s  a l l - p r o p u l s i v e  c o u n t e r p a r t  is such t h a t  
AOTV's are being a c t i v e l y  ~ t u d l e d l - ~  as a class of v e h i c l e s  f o r  p rov id ing  
t r a n s p o r a t i o n  between low-Earth o r b i t  and v a r i o u s  l o c a t i o n s  w i t h i n  t h e  i n n e r  
s o l a r  system. R e s u l t s  of t h e  s t u d i e s  show t h a t  t h e  p r e f e r r e d  v e h i c l e  concept  
f o r  t h e s e  m i s s i o n s  is one which has  a low b a l l i s t i c  c o e f f i c i e n t  and f e a t u r e s  
a l a r g e ,  b l u n t  l i g h t w e i g h t  ae robrake .  On r e t u r n  from high-Earth o r b i t  or t h e  
Noon, t h e  v e h i c l e s  w i l l  e n t e r  t h e  E a r t h ' s  atmosphere w i t h  a v e l o c i t y  of 
approx ima te ly  10 km/s, f l y  a rol l -modulated t r a j e c t o r y  w i t h  a p e r i g e e  of 75 
t o  100 km, s k i p  back o u t  of t he  atmosphere,  and rendezvous with a space  
s t a t i o n  a f t e r  having achieved the v e l o c i t y  decrement r e q u i r e d  f o r  c a p t u r e  
i n t o  low-Earth o r b i t .  
Both the v e l o c i t y  and a l t i t u d e  € o r  t h e  atmospheric  pass are s u f f f c i e n t l y  
h igh  t o  produce a h i g h l y  nonequi l ibr ium flow environment where high- 
t empera tu re  and low-density gas  e f f e c t s  w i l l  s i g n i f i c a n t l y  impact t h e  
aerodynamic and thermal  loads .  S ince  such an environment cannot be s imula t ed  
i n  ground-based test  f a c i l i t i e s ,  t h e  u l t i m a t e  d e s i g n  of t h e  AOTV's w i l l  r e l y  
heavily on numerical calculations. 
I n  o r d e r  t o  advance t h e  technology f o r  t h e  AOTV v e h i c l e s ,  t h e  N a t i o n a l  
Aeronau t i c s  and Space Admin i s t r a t ion  has  undertaken t h e  A e r o a s s i s t  F l i g h t  
Experiment3 (AFE). The AFE i s  a s u b s c a l e  v e h i c l e  [Fig.  l ( a ) ]  t h a t  w i l l  be 
launched from t h e  Space S h u t t l e ,  f l y  a r e p r e s e n t a t i v e  a e r o a s s i s t  t r a j e c t o r y ,  
and be recovered by t h e  S h u t t l e .  F l i g h t  measurements w i l l  p rov ide  a n  oppor- 
t u n i t y  f o r  c l a r i f y i n g  issues a s s o c i a t e d  wi th  a r a d i a t i n g  nonequ i l ib r ium 
f l o w f i e l d  where r a r e f a c t i o n  e f f e c t s  will be p r e s e n t  f o r  a s i g n i f i c a n t  p o r t i o n  
of t h e  a tmosphe r i c  encoun te r .  
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Two numerical  s i m u l a t i o n  approaches are being developed and a p p l i e d  t o  
the  problem of c a l c u l a t i n g  t h e  f low about AFE and AOTV v e h i c l e s .  One is t h e  
cont inurim approach (Refs.  4-7 are r e p r e s e n t a t i v e  of r ecen t  p u h l i c a t i o n s ) ,  and 
t h e  o t h e r  i s  t h e  p a r t i c l e  approach as implemented through the  d i r e c t  
s i m u l a t i o n  Monte Car lo  (DSMC) method (Refs.  8-13). I n  t h e  p r e s e n t  pape r ,  t h e  
DSMC method is a p p l i e d  t o  a s i n g l e  po in t  a long  an AFE e n t r y  t r a j e c t o r y  
co r re spond ing  t o  an a l t i t u d e  OF 90 km and a v e l o c i t y  of 9.9 km/s. An 
axisymmetric r e p r e s e n t a t i o n  of t h e  AFE v e h i c l e  i s  used t o  reduce t h e  
computa t iona l  e f f o r t .  The ripper r a t h e r  t han  t h e  lower p o r t i o n  of t h e  AFE 
v e h i c l e  i s  cons ide red  so t h a t  t h e  most s e v e r e  h e a t i n g  can he c a l c u l a t e d  f o r  
t h e  carr ier  panel  (F ig .  1)  which is  shadowed by t h e  aerobrake.  The p r e s e n t  
s t u d y  is an e x t e n s i o n  of t h e  work r e p o r t e d  i n  Ref. 12 ,  in t h a t  the AFE 
v e h i c l e  a f t e r b o d y  i s  used r a t h e r  t han  an a r b i t r a r y  a f t e r b o d y .  Furthermore,  
t he  c e l l  g r i d  and t i m e  s teps  used i n  t h e  p r e s e n t  s t u d y  a r e  much smaller than  
t h o s e  used i n  Ref. 12.  R e s u l t s  fo r  r a d i a t i v e  and convec t ive  h e a t i n g  are 
p resen ted  a long  hoth the  h l u n t  forebody and t h e  a f t e r b o d y  car r ie r  pane l .  
Also,  d e t a i l s  concerning t h e  f l o w f i e l d  s t r u c t u r e  f o r  an 11-species  
d i s s o c i a t i o n  and i o n i z i n g  gas  mix tu re  are p resen ted .  
DSMC Method 
The d i r e c t  s i m u l a t i o n  Monte Car lo  method i n v o l v e s  t h e  s imul t aneous  
-. 
computat ion of t h e  t r a j e c t o r i e s  of some thousands of simiilated molecules  i n  
s imula t ed  p h y s i c a l  space.  The time parameter i n  t h e  s i m u l a t i o n  may be  
i d e n t i E i e d  with r e a l  time, and t h e  f low is  always c a l c u l a t e d  as an  unsteady 
flow. The i n i t i a l  c o n d i t i o n s  do not depend on a p r e d i c t i o n  of t h e  f l o w f i e l d  
but can be s p e c i f i e d  i n  terms of s ta tes ,  such as a uniform f low o r  a vacuum, 
t h a t  permit  e x a c t  s p e c i f i c a t i o n .  Any s t e a d y  flow is t h e  l a r g e  time s ta te  of 
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t h e  uns t eady  f low.  There are no i t e r a t i v e  procedures  and no s t a b i l i t y  o r  
convergence problems. A computat ional  g r i d  is r e q u i r e d  on ly  i n  p h y s i c a l  
s p a c e ,  r a t h e r  t han  phase space ,  and then  only f o r  t he  cho ice  of c o l l i s i o n  
p a i r s  and t h e  sampling of f low p r o p e r t i e s .  The boundary c o n d i t i o n s  are 
s p e c i f i e d  i n  terms of t h e  behavior  of i n d i v i d u a l  molecules ,  r a t h e r  than t h e  
molecular  d i s t r i b u t i o n  f u n c t i o n ,  and a l l  procedures  may be s p e c i f i e d  such 
t h a t  t h e  computat ion time is l i n e a r l y  dependent on t h e  number of molecules.  
Advantage may be t aken  of f low symmetries t o  reduce t h e  number of dimensions 
of t h e  g r i d  and t h e  number of posi tLon c o o r d i n a t e s  that need t o  be s t o r e d  for 




T h i s  s e c t i o n  p r e s e n t s  a b r i e f  summary of t he  models used t o  d e s c r i b e  
molecular  c o l l i s i o n s ,  i n t e r n a l  energy,  chemical r e a c t i o n ,  and thermal  r a d i a -  
t i o n .  The gas models f o r  r e a c t i n g  a i r  incl.uded 11 chemical species, 41 
chemical r e a c t i o n s ,  3 5  e l e c t r o n i c  s ta tes  or  groups OE s t a t e s ,  and 26 bortnd- 
bound r a d i a t i v e  t r a n s i t i o n s  f o r  molecular  band and atomic even t s .  For a more 
d e t a i l e d  d e s c r i p t i o n  along with t a b u l a t e d  d a t a ,  see Refs. 10 and 12.  
The v a r i a b l e  hard sphe re  ( V H S )  model14 w a s  u s e d  €or t h e  
i n t e r - m o l e c u l a r  c o l l i s i o n s .  Th i s  is t h e  s i m p l e s t  model t h a t  s a t i s f i e s  t h e  
b a s i c  requirement  t o  model both the  C o e f f i c i e n t  of v i s c o s i t y  and t h e  
t empera tu re  dependence of t h i s  c o e f f i c i e n t .  The v i s c o s i t y  c o e f f i c i e n t  was 
assumed t o  be p r o p o r t i o n a l  t o  t h e  0.7 power of t empera tu re ,  and t h e  molecular  
d f a m e t e r s  a t  a r e f e r e n c e  t empera tu re  of 288 K were 0.396, 0.407, 0.300, 
0.300, and 0.400 nm f o r  0 2 ,  N 2 ,  0 ,  N ,  and NO, r e s p e c t i v e l y .  Molecular  
d i a m e t e r s  f o r  t he  ions were assumed t o  be t h e  same as f o r  t h e  f i v e  
co r re spond ing  n e u t r a l  s p e c i e s .  For t h e  e l e c t r o n ,  t h e  e f f e c t i v e  e l a s t i c  
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d i a m e t e r  i s  g e n e r a l l y  assumed t o  be less than t h a t  of t h e  atoms and 
molecules.  A r e f e r e n c e  d i ame te r  of 0.1 nm was chosen € o r  the  p r e s e n t  s tudy .  
For t h e  r o t a t i o n a l  and v i b r a t i o n a l  energy modes, t h e  
B ~ r g n a k k e - L a r s e n l ~  model i s  used. 
t h a t  a f r a c t i o n  of t h e  c o l l i s i o n s  are regarded as completely i n e l a s t i c ,  and 
f o r  t h e s e ,  new va lues  of t h e  t r a n s l a t i o n a l  and i n t e r n a l  e n e r g i e s  are sampled 
from t h e  d i s t r i b u t i o n s  of t h e s e  q u a n t i t i e s  t h a t  are a p p r o p r i a t e  t o  an 
e q u i l i b r i u m  gas. The remainder of t h e  molecular  c o l l i s i o n s  are regarded as 
e l a s t i c .  The f r a c t i o n  of i n e l a s t i c  c o l l i s i o n s  can be chosen t o  match t h e  
r e a l  gas  r e l a x a t i o n  ra te .  For t h i s  s t u d y ,  c o n s t a n t  r e l a x a t i o n  c o l l i s i o n  
numbers of 5 and 50 were used f o r  t h e  r o t a t i o n a l  and v i b r a t i o n a l  modes, 
r e s p e c t i v e l y .  The e f f e c t i v e  number of deg rees  of freedom i n  t h e  p a r t i a l l y  
e x c i t e d  v i b r a t i o n a l  s ta tes  is  c a l c u l a t e d  from t h e  harmonic o s c i l l a t o r  theory.  
The e s s e n t i a l  f e a t u r e  o €  t h i s  model is 
The p rocedures  for  t h e  nonequi l ibr i i im chemical r e a c t i o n s  arc. e x t e n s i o n s  
of t h e  e l emen ta ry  c o l l i s i o n  t h e o r y  of chemical  phys i c s .  The b i n a r y  r e a c t i o n  
rate is  ob ta ined  as t h e  product  of t h e  c o l l i s i o n  ra te  f o r  c o l - l i s i o n s  w i t h  
ene rgy  i n  e x c e s s  of t h e  a c t i v a t i o n  energy and t h e  p r o b a b i l i t y  of r e a c t i o n  o r  
s t e r i c  f a c t o r .  
t h e  VHS model h a s  been used t o  conve r t  t h e s e  temperature-dependent r a t e  
c o e f f i c i e n t s  of continuum t h e o r y  i n t o  co l l i s iona l - ene rgy-dependen t  s t e r i c  
f a c t o r s .  The r e a c t i v e  c r o s s  s e c t i o n  is the  product  of the s t e r i c  f a c t o r  and 
the  e l a s t i c  c r o s s  s e c t i o n .  The chemical  r e a c t i o n s  cons ide red  i n  t h i s  s t u d y  
c o n s i s t e d  of 41 r e a c t i o n s  f o r  11 species,  and t h e  d a t a  are l i s t e d  i n  Ref. 10. 
A form of t h e  c o l l i s i o n  theory16 t h a t  is c a n s i s t e n t  w i t h  
Accompanying t h e  p a r t i a l  i o n i z a t i o n  of a gas  are e l e c t r o n i c  e x c i t a t i o n  
and thermal  r a d i a t i o n .  R a d i a t i o n  from bound-bound t r a n s i t i o n s  between elec- 
t r o n i c  s ta tes  can be s i g n i f i c a n t  i n  lO-krn/s f lows.  The p rocedures  used f o r  
c a l c u l a t i n g  t h e  popu la t ion  of e l e c t r o n i c  s ta tes  are analogous t o  t h e  
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Borgnakke-Larsen model t h a t  has  proved s u c c e s s f u l  f o r  t h e  r o t a t i o n a l  and 
v i b r a t i o n a l  deg rees  of freedom. For a s p e c i f i e d  f r a c t i o n  .)f t he  c o l l i s i o n s ,  
t h e  e l e c t r o n i c  s t a t e s  are sampled from the  e q u i l i b r i u m  d i s t r i b u t i o n  appro- 
p r i a t e  t o  t h e  e f f e c t i v e  t empera tu re  based on the  sum of t h e  r e l a t i v e  
t r a n s l a t i o n a l  energy and t h e  e l e c t r o n i c  energy of t he  molecules  i n  t h e  
c o l l i s i o n .  (Nota t h a t  t h i s  t empera tu re  is d e f i n e d  on t h e  b a s i s  of t h e  
r e l a t i v e  energy f o r  t h e  s i n g l e  c o l l i s i o n  p a i r . )  The s p e c i f i e d  f r a c t i o n  is  
r e l a t e d  t o  t h e  r a t i o  of t he  c r o s s  s e c t i o n  € o r  e lectronLC s t a t e  e x c i t a t i o n  t o  
t h e  c l a s t i c  c r o s s  s e c t i o n .  S e p a r a t e  f r a c t i o n s  are s p e c i f i e d  f o r  c o l l i s i o n s  
of each s p e c i e s  with n e u t r a l s ,  i o n s ,  and e l e c t r o n s .  (See K e f .  10 f o r  a 
t a b u l a t i o n  of t h e  f r a c t i o n  of c o l l i s i o n s  t h a t  l e a d  t o  e l e c t r o n i c  e x c i t a t i o n  
and the  r a t i o n a l e  f o r  t h e  s e l e c t i o n  of t h e  f r a c t i o n s . )  Unlike t h e  p rocedures  
f o r  t h e  r o t a t i o n a l  and v i b r a t i o n a l  modes i n  which each molecule. i s  a s s igned  a 
s i n g l e  energy o r  s t a t e ,  each molecule is  a s s igned  a d i s t r i b u t i o n  ove r  a l l  t h e  
a v a i l a b l e  e l e c t r o n i c  states.  This  overcomes t h e  computat ional  problems 
a s s o c i a t e d  with r a d i a t i o n  from sparsely populated s t a t e s .  
The molecular  band sys t em i s  the  same as t h a t  employed by Park17 and 
i n v o l v e s  t h e  e l e c t r o n i c  s ta tes  of molecular  oxygen, n e u t r a l  ilnd ion ized  
n i t r o g e n ,  and n i t r i c  o x i d e .  Radiation f r o m  s i x  molecular I>anJ transitions 
i s  inc luded  in t h e  s i m u l a t i o n  with a s p e c i f i e d  mean t i m e  t )  spontaneous 
emis s ion  f o r  each r a d i a t i n g  s ta te .  The a c t u a l  t i m e  t o  emission is  
e x p o n e n t i a l l y  d i s t r i b u t e d  about t h i s  mean t i m e .  
Because t h e  number of e l e c t r o n i c  s t a t e s  and r a d i a t i v e  t r a n s i t i o n s  i s  
l a r g e  f o r  t h e  atomic species, both t h e  e l e c t r o n i c  s ta tes  and r.adiat  i ve  t r a n -  
s i t i o n s  are combined t o  form a manageable number of groups.  Eight  groups of 
e l e c t r o n i c  s ta tes  are used f o r  both atomic oxygen a n d  a tomic nirrogeri  
(Ref.  10). The r a d i a t i v e  t r a n s i t i o n s  are grouped i n t o  seven groups f o r  
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a tomic  oxygen a n d  t h i r t e e n  groups f o r  a tomic n i t r o g e n .  (Ref. 10 t a b u l a t e s  
s p e c i f i c  d a t a  concerning the  e l e c t r o n i c  s ta te  and rarlLative t r a n s i t i o n s . )  
The r a d i a t i o n  a b s o r p t i o n  model c u r r e n t l y  implemented i n  t h e  DSMC 
s i m u l a t i o n  is one i n  which the  photon w i l l  be absorbed only by atoms o r  
molecules  i n  t h e  end s t a t e  of t h e  t r a n s i t i o n  t h a t  produced t h e  photon. Tf 
t h e  number d e n s i t y  of abso rb ing  molecules in na and t h e  a b s o r p t i o n  c r o s s  
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s e c t i o n  is Ua, t h e  p r o b a b i l i t y  of a b s o r p t i o n  of a photon t r a v e r s i n g  a 
l e n g t h  A i  while  moving through a c e l l  i s  
A L  naUa. 
Each time a r a d i a t i o n  even o c c u r s ,  t h e  o r i e n t a t i o n  i s  chosen such t h a t  a l l  
d i r e c t i o n s  are e q u a l l y  p o s s i b l e ,  and the  t r a j e c t o r y  of t he  photon i s  fol lowed 
u n t i l  i t  is absorbed i n  t h e  flow, i s  absorbed a t  t h e  s u r f a c e ,  o r  e x i t s  from 
t h e  f l o w .  I n  t h e  p r e s e n t  a p p l i c a t i o n ,  a b s o r p t i o n  is assumed t o  be zero.  
Cond i t ions  f o r  C a l c u l a t i o n s  
The f r e e s t r e a m  c o n d i t i o n s  f o r  a n  a l t i t u d e  of 90 km are  l i s t e d  i n  Table  1 
a long  with s e l e c t e d  freestream parameters .  The freestream mole f r a c t l o n s  
were 0.209, 0.757, and 0.003 f o r  oxygen, n i t r o g e n ,  and atomic oxygen, re- 
s p e c t i v e l y .  The s u r f a c e  t empera tu re  i s  assumed c o n s t a n t  a t  1000 K on t h e  
forebody of t h e  ae robrake  and c o n s t a n t  at 300 K € o r  a l l  s u r f a c e s  i n  t h e  
shadow of t h e  ac robrake .  Also ,  t h e  s u r f a c e  i s  assumed t o  be d i f f u s e  with 
f u l l  thermal  accommodation and t o  promote recombinat ion of atoms, i o n s ,  and 
e l e c t r o n s .  Recombination p r o b a b i l i t i e s  a p p r o p r i a t e  f o r  t h e  S h u t t l e  t he rma l  
p r o t e c t i o n  t i l e s  were imposed f o r  atom recombinat ion,  and t h e  i o n s  and 
e l e c t r o n s  are assumed t o  be f u l l y  recombined a t  t h e  s u r f a c e .  
The AFE v e h i c l e  is  composed of t h r e e  b a s i c  components: t h e  a e r o b r a k e ,  
t h e  car r ie r  v e h i c l e ,  and t h e  m a i n  p r o p u l s i o n  u n i t  [ F i g .  l ( a > ] .  The ae robrake  
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i s  a b l u n t  e l l i p t i c  cone raked o f f  a t  t h e  base and f i t t e d  wi th  a s k i r t - t y p e  
a f  terbody.  T h e r e f o r e ,  t he  v e h i c l e  is a three-dimensional  ronf ii:iirat€on and 
has  an e f f e c t i v e  d i ame te r  of about 4 m. The p r e s e n t  caLcuLations are f o r  a n  
axisymmetr ic  r e p r e s e n t a t i o n  oE the upper p o r t i o n  of t h e  AFE t o  examine  t h e  
maximum h e a t i n g  t o  the  car r ie r  and t o  reduce t h e  computa t iona l  e f f o r t  even 
though g e n e r a l  three-dimensional  DSMC codes13 are c u r r e n t l y  being a p p l i e d  
t o  t h e  a c t u a l  AFE c o n f i g u r a t i o n  a t  h i g h e r  a l t i t u d e  c o n d i t i o n s .  For t h e  
axisymmetr ic  c a l c u l a t i o n s ,  the geometry shown i n  Fig.  l ( b )  was used. 
The computat ional  domain f o r  t h e  DSMC s i m u l a t i o n  is shown i n  Fig.  2 
where t h e  ou te rmos t  boundary is s u f f i c i e n t l y  d i s p l a c e d  from t h e  v e h t c l e  so a s  
t o  c a p t u r e  t h e  f l o w f i e l d  d i s t u r b a n c e  gene ra t ed  by t h e  v e h i c l e .  The ou t f low 
boundary downstream of t h e  v e h i c l e  i s  t r e a t e d  as a vacuum boundary. The 
computa t iona l  domain i n  subd iv ided  i n t o  23 r e g i o n s ,  and each r e g i o n  i s  
f u r t h e r  subd iv ided  i n t o  computat ional  ce l l s .  ( C e l l s  are q u a d r i l a t e r a l s .  ) 
The computa t iona l  time s t e p  and t h e  p h y s i c a l  s c a l i n g  r e l a t i o n  ( r e l a t e s  t h e  
number of s imula t ed  molecules t o  t h e  ac tua l  number of p h y s i c a l  molecules)  are  
p r e s c r i b e d  independen t ly  f o r  each r eg ion  t o  ach ieve  an adequa te  number of 
modeled molecules  p e r  c e l l  ( o r d e r  of IO)  and t o  ensu re  t h a t  t he  computa t lona l  
t i m e  s t e p  be less t h a n  t h e  m o l e c u l a r  mean t r a n s i t  t i m e  i n  each cell. The 
s c a l i n g  r e l a t i o n  and the  t i m e  s t e p  were c o n s t r a i n e d  t o  p r e s e r v e  f l u x  
c o n t i n u i t y  a t  t h e  r eg ion  boundaries .  I n  a d d i t i o n ,  t h e  ce l l  s i z e  w a s  s e l e c t e d  
such t h a t  t h e  dimension normal t o  t h e  body was less than  t h e  Local mean f r e e  
p a t h  l e n g t h  (minimum c e l l  dimensions ranged from 2.5 x 10-5 t o  0.20 m). 
t o t a l  of 2561 c z l l s  was u s e d  i n  t h e  s i m u l a t i o n ,  and t h e  number J €  s imula t ed  
molecules  was 63,001). 
A 
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R e s u l t s  and Di scuss ion  
The f l o w f i e l d  s t r u c t u r e  and s u r f a c e  q u a n t i t i e s  r e s u l t i n g  from a DSMC 
s i m u l a t i o n  are h i g h l i g h t e d  t o  demons t r a t e  t h e  change i.n t h e s e  q u a n t i t i e s  as 
t h e  f low expands from the s t a g n a t i o n  region of t h e  ;lerobr.iko to thp s k i r t  
s e c t i o n  and f i n a l l y  t o  the  carr ier  panel  which is  shadowed by t h e  ae robrake .  
The f i r s t  s e c t i o n  reviews e x i s t i n g  c a l c u l a t i o n s  f o r  t he  90-km c a s e  con- 
t r a s t i n g  t h e  continuum and T)SMC r e s u l t s .  Th i s  is followed by a review of t h e  
p r e s e n t  c a l c u l a t i o n  f o r  t he  f l o w f i e l d  s t r u c t u r e  by i n d i c a t i n g  t h e  e x t e n t  OF 
thermal  and chemical noncqu i l ib r ium and t h e  r e g i o n  w i t h i n  t h e  f l o w f i e l d  where 
r a d i a t i o n  emission dominates .  F i n a l l y ,  t h e  s u r f a c e  q u a n t i t i e s  i n  terms of 
h e a t i n g  ra te ,  p r e s s u r e ,  and s h e a r  are p resen ted .  
E x i s t i n g  R e s u l t s  f o r  90-km Case 
The AFE e n t r y  c o n d i t i o n  a t  90 km has been examined in several recent 
s t u d i e s . 5 , h , l l , l 2  R e s u l t s  of Ref. 11 f o r  a 5-species  dissoci.ati .ng a i r  
model show t h a t  t h e  l o c a l  Knudsen number, where t h e  c h a r a c t e r i s t i c  l e n g t h  is 
based on t h e  d e n s i t y  g r a d i e n t  normal t o  t h e  body, is  g r e a t e r  t han  0.1 i n  t h e  
r e g i o n  nea r  t h e  s u r f a c e  and throughout  t h e  shock wave r eg ion .  Recall t h a t  
t h e  Navier-Stokes e q u a t i o n s  a r e  v a l i d 1 8  o n l y  as long as t h e  Chapman-Enskog 
t h e o r y  f o r  the t . ransport  p r o p e r t i e s  i s  v a l i d  and t h a t  t h i s  c o n d i t i o n  i s  
s a t i s F i e d  i f  t h e  l o c a l  Knudsen number based on macrosc rop ic  g r a d i e n t s  i s  
s m a l l  compared wi th  u n i t y  (about  q.1 o r  l e s s ) .  Th i s  c o n d i r i o n  s u g g e s t s  that  
the modeling of t h e  f l o w  a t  90 km, e v e n  a long  t h e  s t a x n a t i o n  s t r e a m l i n e ,  
u s i n g  the  Navier-Stokes (NS) e q u a t i o n s  is  d e f i c i e n t  f o r  t h i s  problem. 
Evidence of t h i s  is  sugges t ed  i.n Ref. 5 where s t a g n a t i o n  p r o f i l e  q u a n t i t i e s  
o b t a i n e d  u s i n g  viscous-shock-layer  (VSL) and NS (shock c a p t u r i n g )  ca l cu -  
l a t i o n s  are compared with t h e  DSMC r e s u l t s  of Refs.  11 and 12 .  The 
comparisons show major d i f f e r e n c e s  i n  d e n s i t y  and composi t ion p r o f i l e s .  For 
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example, n e a r  t h e  c e n t e r  of t he  shock wave, t h e  d e n s i t y  c a l c u l a t e d  w i t h  t h e  
NS model [ (Ref .  5 ,  Fig.  lO(a>] is  about a f a c t o r  of two g r e a t e r  t han  t h e  DSMC 
r e s u l t s ,  and t h e s e  d i f f e r e n c e s  pers is t  throughout  most O F  t he  flow domain. 
The fact  t h a t  t h e  NS v a l u e  f o r  t he  d e n s i t y  i s  h ighe r  i r i d i c a t e s  t h a t  t h e  r a t i o  
o€ s p e c i € i c  h e a t s  should be smaller. Y e t  t he  amount of d i s s o c i a t i o n  is  less 
than t h e  DSMC c a l c u l a t i o n .  The problems with t h i s  NS c a l c u l a t i o n  are i ts  
i n a b f l i t y  t o  d e s c r i b e  t h e  shock wave s t r u c t u r e  under hype r son ic  c o n d i t i o n s  
(Ref.  19>,  and a l s o  t h e  i n c o n s i s t e n c y  i n  o b t a i n i n g  t h e  thermodynamic 
p r o p e r t f e s  f o r  t h e  i n d i v i d u a l  chemical species from curve  f i t s  based on t h e  
assumption of l o c a l  thermodynamic e q u i l i b r i u m .  S ince  t h e  p o p u l a t i o n  of 
i n t e r n a l  s ta tes  ( r o t i o n a l ,  v i b r a t i o n a l ,  and e l e c t r o n i c )  i n  a Mach 36 shock 
wave is  q u i t e  d i f f e r e n t  from t h a t  based on the  c a l c u l a t e d  t empera tu res  of 
Ref. 5,  t h e  r a t i o  of s p e c i f i c  hea t  would be too low and hence t h e  d e n s i t y  too  
high.  A s  f o r  t h e  s u r f a c e  h e a t i n g ,  t h e  NS va lue  was 58 pe rcen t  of t h e  DSMC 
va lue  f o r  t h e  90-km e n t r y  c o n d i t i o n .  
Another important  comparsion f o r  AFE c o n d i t i o n s  can be made by comparing 
t h e  VSL (Ref.  5) and DSMC (Ref. 1 2 )  s t a g n a t i o n - p o i n t  convectCve h e a t i n g  rate 
va lues .  The s t a g n a t i o n  s t r e a m l i n e  s o l u t i o n s  r e p o r t e d  i n  R e f .  12 were 
m i s t a k e n l y  r e p o r t e d  as being made f o r  a F i n i t e  c a t a l y t i c  surface.  They w e r e  
a c t u a l l y  made f o r  a n o n c a t a l y t i c  surface,  and t h i s  e r r o r  is  c a r r i e d  ove r  i n  
t h e  comparisons of Ref. 5. Once t h e  c o r r e c t i o n  is made, w e  f i n d  t h a t  t h e  
OSMC and VST, c a l c u l a t i o n s  ag ree  the b e s t  a t  p e r i g e e  c o n d i t i o n s  (VSL low by 
about 8 p e r c e n t )  and e x p e r i e n c e  i n c r e a s i n g  d i f f e r e n c e s  with i n c r e a s i n g  
a l t i t u d e  (VSL low by ahout 4 0  percent  a t  90 km). Q u a l i t a t i v e l y ,  t h i s  is t h e  
type  of behav io r  one would expect  due t o  t h e  low-density and high-temperature  
e f f e c t s  g i v i n g  rise t o  a h i g h l y  nonequf l i b r i u m  flow. 
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Flowf i e l d  S t r u c t u r e  
F igu re  3 d i s p l a y s  s e l e c t e d  con tour s  of t h e  l o c a l  d e n s i t y ,  eKpressed as a 
r a t i o  t o  t h e  f r e e s t r e a m  v a l u e ,  € o r  t h e  forebody and neat *Take region.  The 
d e n s i t y  v a r i a t i o n  is  i n  excess of t h r e e  o r d e r s  oE magnltude. I n  t h e  
s t a g n a t i o n  r e g i o n ,  t h e  compression combined wi th  a r e l a t i v e l y  coo l  w a l l  
produces a maximum d e n s i t y  t h a t  is 155 ttmes t h e  f r e e s t r e a m  value.  Because 
of  t he  expansion about t h e  e l l i p t i c a l l y  b l u n t  nose,  t h e  d r n s i t y  a d j a c e n t  t o  
t h e  s u r f a c e  d e c r e a s e s  t o  112 times t h e  f r e e s t r e a m  Cn t h e  last c e l l  on the 
nose ,  and then with t h e  vary r a p i d  expansion on t h e  s k i r t ,  t o  a va lue  of 9.5 
i n  the  last  c e l l  on t h e  s k i r t .  Along t h e  carrier p a n e l ,  t h e  d e n s i t y  i s  on ly  
a small f r a c t i o n  of t h e  f r e e s t r e a m  va lue .  
V a r l a t i o n  of flow p r o p e r i t i e s  i n  t h e  body normal ( I , )  d i r e c t i o n  i s  
p r e s e n t e d  in Figs.  4 through 6 ( d e n s i t y  and v e l o c i t y  in Fig. 4 ,  t r a n s l a t i o n a l  
and i n t e r n a l  temperature i n  F ig .  5 ,  and s p e c i e s  mole f r a c t i o n s  i n  Fig.  6 )  
where each f i g u r e  p r e s e n t s  d a t a  a t  t h r e e  body s t a t i o n s :  p a r t  ( a )  a long  t h e  
s t a g n a t i o n  s t r e a m l i n e ,  p a r t  ( b )  a long  t h e  l as t  column of c e l l s  above t h e  
s k i r t  s e c t i o n ,  and p a r t  ( c )  above t h e  c a r r i e r  panel  a t  a n  x l o c a t i o n  of 
0.8 m. 
Along t h e  s t a g n a t l o n  s t r e a m l i n e ,  t h e  v a r i o u s  p r u € i l e s  show no ev idence  
of a d i s t i n c t  shock wave, o n l y  a gradual merging of t h e  shock w a v e  and shock 
l a y e r .  The t r a n s l a t i o n a l  t empera tu re  [Fig.  5 ( a ) ]  peaks a t  about 40,000 K 
while  t h e  i n t e r n a l  t empera tu re  ( d e f i n e d  i n  terms of t h e  r o t a t i o n a l  and 
v i b r a t i o n a l  e n e r g i e s  and t h e  number of i n t e r n a l  deg rees  of freedom) has  a 
peak va lue  of about 17,000 Y. Thermal nonequi l€brium is e v i d e n t  t h roughou t  
t h e  f l o w f i e l d .  A s  t he  flow expands about t h e  s k i r t  [F ig .  5 (b )  J and on t o  t h e  
c a r r i e r  panel  [F ig .  5 ( c ) ] ,  t h e  t r a n s l a t i o n a l  temperaturp d e c r e a s e s  by almost  
a f a c t o r  of f o u r ,  whereas the  peak i n t e r n a l  t empera tu re  d e c r e a s e s  t o  about 60 
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p e r c e n t  of i t s  peak s t a g n a t i o n  va lue .  Over both t h e  s k i r t  and c a r r t e r  p a n e l ,  
a s u b s t a n t i a l  p o r t i o n  of t h e  f l o w € i e l d  has  a h i g h e r  i n t e r n a l  t empera tu re  t h a n  
t h e  co r re spond ing  t r a n s l a t i o n a l  value.  Even though t h e  d e n s i t y  and 
t empera tu re  d e c r e a s e  s u b s t a n t i a l l y  as t h e  flow expands on t o  t h e  s k i r t  ( F i g .  
4 ( b )  and 5 ( b ) ] ,  t h e  gas  remains h i g h l y  d i s s o c i a t e d  as is  i n d i c a t e d  i n  F i g .  6 
where the  mole f r a c t i o n  p r o f i l e s  f o r  only t h e  e l e c t r o n  and n e u t r a l  s p e c i e s  
are shown. The e l e c t r o n  c o n c e n t r a t i o n  i s  2 pe rcen t  o r  less.  For t h e  region 
immediately above t h e  s u r f a c e ,  the gas  composi t ion is p r i m a r i l y  t h r e e  
species:  a tomic and molecular  n i t r o g e n  and atomic oxygen. The dominant 
s p e c i e s  is atomic n i t r o g e n  with a mole f r a c t i o n  va lue  of approximately 0.6. 
A s  t he  gas  expands from t h e  s k i r t  c o r n e r  [ F i g  6 ( b ) ]  ove r  t h e  c a r r i e r  p a n e l ,  
mass s e p a r a t i o n  e f f e c t s  are e v i d e n t  where c o n c e n t r a t i o n  of heavy species 
( N 2 )  d e c r e a s e s  i n  r e l a t i o n  t o  the  l i g h t  (a tomic s p e c i e s ) .  
F i g u r e s  7( a )  through 7(  c )  show t h e  r a d i a t i v e  emis s ion  p r o f i l e s  a long  
body normals a t  t h e  same t h r e e  body l o c a t i o n s .  The peak value a t  each of t h e  
t h r e e  body s t a t i o n s  occur s  near  t h e  l o c a t i o n  where t h e  i n t e r l i a l  t empera tu re  
is a maximum. I n  c o n t r a s t  t o  t h e  r e s u l t s  of Ref. 6 ,  t h e  maximuln t o t a l  
r a d i a t i o n  emis s ion  occur s  a long t h e  s t a g n a t i o n  s t r e a n l i n e  and then  d e c r e a s e s  
substantially downstream of the s t a g n a t i o n  r eg ion .  I n  f a c t ,  t h e  variation is 
s o  l a r g e  t h a t  a t angen t  s l a b  approximation (an approximation o f t e n  used i n  
c a l c r i l a t i n g  t h e  s u r f a c e  r a d i a t i v e  h e a t i n g ,  but not used i n  t h e  p r e s e n t  
c a l c u l a t i o n )  would probably i n t r o d u c e  s i g n i f i c a n t  e r r o r s ,  p a r t i c u l a r l y  on t h e  
s k i r t  and c a r r i e r  panel .  Reyond the  s k i r t  c o r n e r  e x p a r i s i o n ,  t h e  emis s ion  
d e c r e a s e s  r a p i d l y  with i n c r e a s i n g  d i s t a n c e  downstream of the  co rne r .  Also,  
t he  emis s ion  is conf ined  t o  a r e g i o n  t h a t  is r a d i a l l y  above t h e  c o r n e r .  
S u r f a c e  D i s t r i b u t i o n s  
F i g u r e s  8 and 9 p r e s e n t  t he  c a l c u l a t e d  r a d i a t i v e  and convec t ive  h e a t i n g  
d i s t r i b u t i o n s ,  r e s p e c t i v e l y ,  a long t h e  ae robrake  and c a r r i e r  panel .  I n  
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c o n c e r t  with t h e  r a d i a t i v e  emis s ion ,  t h e  surface.  r a d i a t i v e  h e a t i n g  i s  a 
maximum i n  t h e  s t a g n a t i o n  r eg ion  and d e c r e a s e s  a long  t h e  acrobrake.  The 
For t h e  car r ie r  p a n e l ,  t he  r a d i a t i v e  f l u x  is about  1 pe rcen t  of t h e  s t a g -  
n a t i o n  value.  For t h e  ae robrake ,  F ig .  8 p r e s e n t s  hoth t h e  t o t a l  r a d i a t i v e  
f l u x  d i s t r i b u t i o n  and t h a t  r e s u l t i n g  from bound-bound t r a n s i t i o n s  where t h e  
wavelength is  g r e a t e r  than 0.2 11. The p r e s e n t  c a l c u l a t i o n  wi th  (10 a b s o r p t i o n  
shows t h a t  a s i g n i f i c a n t  f r a c t i o n  ( 6 2  pe rcen t  i n  t h e  s t a g n a t i o n  r eg ion  and 24 
percen t  on t h e  s k i r t )  of t h e  ae robrake  h e a t i n g  o r i g i n a t e s  a t  t h e  s h o r t e r  
wavelengths.  I f  r a d i a t i o n  a b s o r p t i o n  were i n c l u d e d ,  t hen  t h e  c o n t r i b u t i o n  of 
t h e  s h o r t e r  wavelength r a d i a t i o n  would d e c r e a s e ,  s i n c e  t h e  gas  is almost  
transparent  t o  t h e  longe r  wavelength r a d i a t i o n ,  bu t  t h e r e  is s i g n i f i c a n t  
a b s o r p t i o n  of t h e  u l t r a v i o l e t  r a d i a t i o n .  This e f f e c t  has  heen p rev ious ly10  
demonstrated wi th  t h e  a b s o r p t i o n  model c u r r e n t l y  implemented i n  t h e  DSMC 
method. 
The p r e s e n t  c a l c u l a t i o n  f o r  r a d i a t i v e  h e a t i n g  d i f f e r s  from t h e  
p r e l i m i n a r y  axisymmetr ic  r e s u l t s  r e p o r t e d  i n  Ref. 12 in s e v e r a l  r e s p e c t s .  
F i r s t ,  t h e  magnitude of t h e  s t a g n a t i o n  r a d i a t i v e  h e a t i n g  is about two times 
t h a t  r e p o r t e d  i n  R e f .  12. Also,  t h e  p r e s e n t  c a l c u l a t i o n  shows a s i g n i f i c a n t  
d e c r e a s e  i n  h e a t i n g  wi th  i n c r e a s i n g  d i s t a n c e  from t h e  s t a g n a t i o n  r e g i o n ,  
whereas the  p rev ious  va lues  remained approx ima te ly  c o n s t a n t .  Three d i f -  
f e r e n c e s  between t h e  p rev ious  and cur ren t  c a l c u l a t i o n s  e x i s t .  F i r s t ,  t h e  
axisymmetr ic  c a l c u l a t i o n  r e p o r t e d  i n  Ref. 12 used a c o n s t a n t  a b s o r p t i o n  c r o s s  
s e c t i o n  of 5.0 x 10-2" m-. 3 The present  c a l c u l a t i o n  used a v a l u e  of 
ze ro .  I n c l u s i o n  of a b s o r p t i o n  causes  a l a r g e r  r e d u c t i o n  i n  t h e  s t a g n a t i o n  
r eg ion  than on t h e  s k i r t .  The second and t h i r d  d i f f e r e n c e s  were t h a t  t h e  
c u r r e n t  c a l c r i l a t i o n  used a much s m a l l e r  c e l l  s i z e  and t i m e  s t e p .  Of more 
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importance f o r  t h e  r a d i a t i o n  c a l c u l a t i o n  i s  the  t i m e  s t e p ,  becalrse t h e  tfme 
s t e p  was about two o r d e r s  of  magnitude s m a l l e r  stich t h a t  i t  wali comparable t o  
t h e  smallest mean r a d i a t i o n  l i fe t ime.  
Tn t h e  s t a g n a t i o n  r e g i o n ,  f o r  example, most of the r a d i a t i o r i  t o  t h e  
s u r f a c e  is due t o  a tomic n i t r o g e n  (67  pe rcen t  from atomic- n i t r o g e n ,  26 
p e r c e n t  from molecular  bands,  and 7 percent from atomic oxygen). Tn t h e  
r e g i o n  where t h e  r a d i a t i o n  emission i s  a maximum, atomic n i t r o g e n  has  a mole 
f r a c t i o n  of about 0.55. 
F i g u r e  9 p r e s e n t s  t h e  convec t ive  h e a t i n g  d i s t r i b u t i o n  on t h e  ae robrake  
and c a r r i e r  paneL. The c a l c u l a t i o n  shows t h a t  t h e  c o n v e c t i v e  h e a t i n g  
d e c r e a s e s  g r a d u a l l y  from a maximum a t  the  s t a g n a t i o n  po in t  on t h e  e l l i p t i c a l  
nose and then decreases s i g n i E i c a n t l y  as t h e  f low a c c e l e r a t e s  about  t h e  
c i r c u l a r  s k i r t .  Th i s  t r end  i s  c o n s i s t e n t  w i th  p rev ious  D91C 
c a l c i i l a t l o n s l l  h u t  d i f f e r s  from those  r e p o r t e d  i n  Ref. 6 ,  where. t h e  maximum 
h e a t i n g  occur red  on the  e l l i p t i c  nose,  but  downstream of the s t a g n a t i o n  
p o i n t .  The magnitude of t h e  h e a t i n g  on the  car r ie r  panel  i s  s ~ r ~ i l l ,  
i n c r e a s i n g  from about  I pe rcen t  o f  the  s t a g n a t i o n - p o i n t  va lue  a t  the 
c a r r i e r - a e r o h r a k e  j u n c t u r e  t o  abodt 5 percen t  a t  t h e  most downstream 
locat i o n .  
F i g u r e s  10 and 11 p r e s e n t  t he  co r re spond ing  s u r f a c e  p rcs su r r?  and skin 
f r i c t i o n  d i s t r i b u t i o n s ,  r e s p e c t i v e l y ,  f o r  t he  ae robrake .  The p r e s s u r e  
d i s t r i b u t i o n  has t h e  sane q u a l i t a t i v e  behavLor as t he  convect  tve h e a t i n g  
d i s t r i b u t i o n .  The s k i n  f r i c t i o n  i s  a maximum on t he  circll lar s k i r t .  
Concluding Remarks 
Through t h e  use of t h e  DSMC method, f l o w f i e l d  s t r u c t c l r e  and s u r f a c e  
q u a n t i t i e s  about a n  axisymmetric r e p r e s e n t a t i o n  of t h e  AF? v e h i c l e  have hee:i 
1 5  
c a l c u l a t e d  € o r  e n t r y  c o n d i t i o n s  a t  90 km. R e s u l t s  of Lhe c a l c u l a t i o n  which 
i n c l u d e  t h e  e f fec ts  of i o n i z a t i o n  and thermal r a d i a t l o n  show the  f o l l o w i n g :  
( 1 )  Convectfve h e a t i n g  is  dominant,  y e t  thermal  r ad ia t ion  i; 
s i g n i f i c a n t .  
( 2 )  For z e r o  a b s o r p t i o n ,  a s i g n i f i c a n t  p o r t i o n  of t he  s u r f a c e  r a d i a t i v e  
f l u x  i s  due t o  u l t r a v i o l e t  r a d i a t i o n .  
( 3 )  The carr ier  panel  h e a t i n g  rates are m a l l  w i t h  va lues  r ang tnp  from 
1 t o  5 pe rcen t  of t h e  co r re spond ing  s t a g n a t i o n - p o i n t  value.  
( 4 )  The f low is h i g h l y  nonequ i l ib r ium with mass s e p a r a t i o n  e f f e c t s  
e v i d e n t  i n  t h e  wake r eg ion .  
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Table  1. Frees t ream Condi t ions  and Parameters  
Pararne t e r  Value 
V e l o c i t y ,  km/s . . . . . . . . . . . . . .  9.89 
Temperature ,  K . . . . . . . . . . . . . . .  188 
Dens i ty ,  kg/rn3 . . . . . . . . . .  3.418 x 19-6 
Molecular  weight ,  kg/kg-mol . . . . . . .  28.811 
Mean f r e e  p a t h ,  rll . . . . . . . . . . . .  0.016 
?.Tach number . . . . . . . . . . . . . . .  35.86 
Speed r a t i o  . . . . . . . . . . . . . . .  30.01 
Reynolds number . . . . . . . . . . . . .  6390* 
Knudsen number . . . . . . . . . . . . . .  0.007* 
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g e n e r a l l y  g r e a t e r  than t h e  t r a n s l a t i o n a l  temperature .  Furthermore,  t he  c a l c u l a t e d  
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